Monolithic multijunction solar cell performance and manufacturing can be significantly affected by the scheme used to connect the component subcells. In our recent record GalnP/GaAs tandem solar cells, we developed a GaAs tunnel junction interconnect doped with carbon and selenium that had a specific resistance at zero bias of <1 mL2-cm2 after annealing at 700°C for 15 minutes, the approximate conditions for growing the upper cell in the tandem structure.
INTRODUCTION
Multijunction solar cells offer higher efficiencies than those of single-junction solar cells at the cost of a more complex device structure. To act as a single powerproducing unit, the component subcells must be interconnected to form two-terminal units which produce a single current at a single voltage. In this paper we address the "current-matched" configuration, in which the subcells are connected in series. The two most common conneciion techniques are grown-in tunnel junctions and post-growth processed metal interconnects. From a manufacturing point of view, the tunnel junction is considerably simpler because including extra growth layers usually adds limited complexity to the growth structure. The multijunction celis can then be processed and handled just like single-junction cells. The use of metal interconnects, on the other hand, adds several steps to device processing. Metal interconnects also shadow part of the device area, reducing efficiency and making extension to high light concentration ratios difficult. Metal interconnects have been used in solar cells, however, because tunnel junctions with reproducibly low resistances did not seem to be obtainable.
In this paper, we describe a set of experiments with GaAs tunnel junctions using carbon and selenium as the p-type and n-type dopants, respectively. These tunnel 1859 U.S. Government work not protected by U.S. copyright junctions have specific resistances of less than <0.2 mL2-cm2 and peak tunneling current densities in excess of 360 A/cm2. The inclusion of the tunnel junction in a solar cell puts greater demands on the interconnect. These demands include survival of high-temperature anneals and conduction through heterojunction barriers formed when the tunnel junction is inserted between higher-band-gap materials. We show that the tunnel junction described here is more than adequate for multijunction GaAs-based solar cells even when operating at concentration levels up to 1000 suns.
EXPERIMENT
The samples are grown in an atmospheric-pressure organometallic vapor phase epitaxy (OMVPE) growth system using trimethyl gallium, trimethyl indium, arsine, and phosphine. Carbon tetrachloride, diethyl zinc, and dilute hydrogen selenide are used as dopant sources. Carbon is used as the p-type dopant for the tunnel junctions unless otherwise specificied. Zinc is used for ptype GalnP layers and some p-type GaAs cap layers. The reactor has a vertical orientation with tamgential injection lines and a horizontal, pancake-style susceptor. [l] The growth vessel volume between the injection tubes and the susceptor is about 100 cm3, and the hydrogen carrier gas flow rate is 6 slpm. The growth rate for the tunnel junction is about 2. First WCPEC; Dec. 5-9, 1994; Hawaii surrounding each of the two layers. For the p-type layer, the growth temperature is 620°C and the arsine partial pressure is 70 Pa (0.5 torr), corresponding to a V:lll inlet ratio of 27. For the n-type layer, the growth temperature is 640°C and the arsine partial pressure is reduced to 14 Pa. This partial pressure corresponds to a V:lll inlet ratio of about 5. From thick Hall-Van der Paaw calibration samples, the doping levels in the tunnel junction itself are estimated at 8 x 1019 6177-3 and 1 x 1019 cm-3, for the pand n-type layers, respectively. The test structure used in these experiments is illustrated in Fig. 1 . The tunnel junction and underlying layers are identical in all samples. The growth times and temperatures for the upper layers are varied to explore the effects of annealing on the sample. Heterojunction effects are explored by modifying the doping in the front barrier layer and by omitting the front barrier layer and changing the composition of the simulated cell. The front barrier layer is grown at 620°C to simulate the back surface field layer in a tandem GalnP2/GaAs solar cell. After growth, square, 0.0028-cm2 contact pads are applied by electroplating gold through a photolithographic mask. One large pad on top is used as a "back" contact; the current density in this mesa is about 35 times lower and, hence, any resistance contributed by the mesa is usually negligible. For samples with poor conductance, actual back contacts are applied using electroplated layers of gold and tin. These back contacts are not perfectly ohmic. , and for a tunnel junction covered by a GalnP barrier(*), "cell" and GaAs cap (closed triangles). The specific resistances at OV are 0.14, 0.22, and 0.87 mR-cm2, respectively. The polarity of the curve is chosen to match operation in a tandem solar cell using a negativephotocurrent convention. measured with a four-point probe arrangement to eliminate the effects of probe and lead resistance. Any residual resistance from the gold-semiconductor contact cannot be eliminated in this way, however, and is likely to be artificially increasing the specific resistance measured for the best tunnel junctions.
RESULTS and DISCUSSION
The intrinsic performance of the C-Se tunnel junction is illustrated by the solid circles in Fig. 2 . This sample has no front barrier or simulated cell and a cap layer grown for 8 min at the relatively low temperature of 620°C, minimizing the annealing of the tunnel junction as far as possible. The result is a tunnel junction with extremely low specific resistance, 0.14 ma-cm2, and a peak current density that exceeds the limits of the measurement setup at 1 A total current density or 360 Ncm2 with our mesa size. These values significantly outperform any previous reports for GaAs tunnel junctions of which we are aware[2-51, where the specific resistances and peak tunnelin respectively. We attribute the success of this tunnel junction in part to the use of a p-type dopant with low diffusivity. The extra effort taken to reduce selenium memory effects also plays a role in attaining reproducibly low specific resistances. The primary technique for reducing the memory effect is to lower the arsine flow during the tunnel junction growth to increase the incorporation efficiency of selenium. This technique allows us to attain the same high doping level with lower concentrations of selenium compounds in the growth system. The use of a stopgrowth at the p-n junction and of uncooled reactor walls also reduces the memory effect.
When a second sample is annealed at 700°C during 16.5 min of additional GaAs growth, a tunnel junction I-V curve with an observable valley is obtained, as shown by the open-circle curve in Fig. 2 . These two curves illustrate the well-known degradation of tunnel junctions after annealing at high temperature, a process that is inevitable in the growth of multijunction solar cells. The postannealing specific resistances are nevertheless very low and would not lead to significant voltage loss even in high concentration operation. The usual explanation for the annealing effect is that dopants diffuse out of the tunnel junction layers, blurring and widening the tunnel junction and hence reducing the tunneling probability. This model is supported by comparision with similar structures we have grown using zinc instead of carbon as the p-type dopant. Zinc is known to diffuse more rapidly in GaAs than is carbon [6] , so Zn-Se tunnel junctions should have higher specific resistances and be more sensitive to annealing. As expected, the Zn-doped tunnel junctions have higher initial specific resistances which increase beyond 1000 mR-cm2 when annealed under the same conditions as was the second tunnel junction (open circles) in Fig. 2 . in 14.5 min, so the change cannot be explained by increased annealing. The reduction in current density under reverse bias is also very difficult to interpret in terms of classical tunnel junction theory, where current density depends primarily on the densities of states available for tunneling and the height and width of the energy barrier. A band diagram for the structure with GalnP barrier layers is shown in Fig. 3 . Under reverse bias, tunnel junction current densities typically increase without limit due to the increasing overlap of filled states in the p-type region with empty states in the n-type region (as indicated by the arrow in Fig. 3 ). It is possible that substituting p-GalnP for GaAs has decreased the density of states available for tunneling, but this effect is likely to be small as these states are 11 nm from the empty states.
The asymmetrical reduction in tunneling current under reverse bias relative to forward bias could also result if the valence band electron concentration in the p-GalnP were strongly dependent on bias. Here again, there is no plausible mechanism for such a change in electron concentration to occur. Any portion of the applied reverse voltage that drops across the depletion region in the p-GalnP near the heterojunction would tend to decrease the volume of the depletion region. A depletion volume decrease would increase the electron concentration and thus tend to increase the tunneling current under reverse bias, which is inconsistent with the observed decrease.
We propose instead that the unusual I-V characteristics are not a result of degradation of the tunnel junction but rather arise from current limitation introduced by the p-type GalnP-GaAs heterojunction barrier about 1 1 nm above the tunnel junction. Fig. 3 shows that when the tunnel junction is reverse-biased, the heterojunction is also reverse-biased. Holes must cross the barrier moving from left to right in order to carry reverse current. The heterojunction-limit model is also supported by the fact that the I-V curves depend strongly on the doping levels in the GalnP barrier layer (see Fig. 4 ). The heterojunction barrier increases as doping level in the p-GalnP decreases, leading to more severe current limitation.
We have modeled this behavior with the simple thermionic emission theory for a Schottky barrier[-/]. The degenerately doped p-GaAs is treated as a metal. The current I through the mesa of area S for barrier height q5 at temperature T and applied voltage V is given by:
where A * is the effective Richardson constant, k is the Boltzmann constant, and q is the electron charge magnitude. A series of modeled I-V curves for two barrier heights are also plotted in Fig. 4 . The barrier heights are derived from charge balance in junctions with doping levels in the same range as these sarnples and with valence band discontinuities from 0.33 to 0.4 eV. There is considerable disagreement in the literature about the band discontinuities for this heterojunction [8-lo] , some of which appears to be due to variations in sample growth conditions. Our modeling suggests that ifor our samples the band discontinuity is largely in the valence band, although the approximations we have used makes the determination less than definitive. The slower turn-on of the heterojunction seen for negative voltage in the actual data as compared to the model may be related to the lessthan-ideal characteristics of the back contact, particularly for the sample with the 2 x loi7 cmB doping level.
IMPLICATIONS FOR SOLAR CELL DESIGN
The C-Se tunnel junctions described in this work are more than adequate for concentrator tandem Ill-V solar cells. The annealed tunnel junction in Fig. 2 (closed triangles) can carry 15 A/cm2 with only a 13-mV voltage loss. That current density level corresponds to over 1000 suns for a GalnP/GaAs tandem cell at air mass 1.5 direct (AM1.5D). This tunnel junction design has in fact been successfully used in world-record-efficiency 1 -sun GalnP/GaAs tandems[l 11 and in 29%-efficient GalnP/GaAs tandems operating at 425 suns. [12] The main area for improvement in this portion of the device is to reduce its optical absorption losses, most likely by using higher-band-gap materials.
AIGaAs/GalnP tunnel diodes [13] grown using atomic layer epitaxy and annealed to simulate top-cell growth have demonstrated conductances that would produce only 60-100 mV losses for 1 000-sun operation.
A more surprising result of this study is the role played by heterojunctions in limiting current. The limits only become significant for heterojunctions where at least one side is lightly doped and where the band discontinuity is fairly large. For GaAs-GalnP heterojunctions grown by OMVPE, it appears that only p-type heterojunctions are of concern. By doping both sides adequately, as in the heterojunction represented by the closed-triangle symbols in Fig. 2 , the voltage loss is reduced to acceptable levels even for 1 OOOX concentration. We suspect that this effect went unnoticed for many years because any such heterojunctions tend to be heavily doped, either deliberately or accidently. The effect became apparent in our work when we substituted carbon for zinc in our most heavily doped p-type layers and then reduced Zn doping levels in all layers of the cells to reduce detrimental Zn diffusion. In most other n-p tandem solar cells, there are heavily Zn-doped layers immediately adjacent to any heterojunctions. Even when only one side of these junctions is nominally heavily doped, the high diffusivitiy of Zn would undoubtedly lead to heavy doping on both sides of the junction. The AIGaAs-GaAs heterojunctions used in many devices may not show this effect for similar reasons or because the band discontinuity is more evenly distributed between the conduction band and the valence band. A final possibility is that compositional grading in earlier samples reduced the heterojunction barrier. In general, we conclude that any changes made to reduce dopant diffusion will require more conscious engineering of dopant levels surrounding heterojunctions in most types of crystalline solar cells.
SUMMARY
Carbon and selenium have been used as dopants in GaAs to produce some of the highest performing tunnel junctions reported to date, with peak current densities in excess of 360 Ncm2 and specific resistances of < 0.2 mQan2 at zero bias. These devices are robust under the type of annealing they encounter when incorporated in a multijunction solar cell, and they have been successfully used in both 1-sun and concentrator GalnP-GaAs twojunction cells. Test structures have also shown that some heterojunctions formed when the tunnel junction is inserted into a solar cell can become sufficiently resistive that the heterojunctions, not the tunnel junctions, limit the overall current density. This effect can be reduced to negligible levels by adequately doping the heterojunction.
